Abstract-The attractiveness of the smart piezoelectric technology is mainly due to its desirable features of miniaturization and the extreme simplicity of the resulting components compared to widely used wire wound conventional magnetics. As a result, much attention has been focused on the application of PETs in high frequency switching power supplies as well as low profile inverters. In this paper, performance study on Rosen-type, multilayer piezoelectric transformer (PET) as a potential component for power electronic conversion is presented. The equivalent circuit and impedance response of PET is studied using impedance analyzer HP4192. The effects of load resistance on voltage gain, output power and resonance characteristics are studied using simulations and experimentally under sinusoidal excitation conditions. A sinusoidal source using simple laboratory equipments and a power operational amplifier (POA) is fabricated. The details of this sinusoidal source are also given.
ICPESA '06 -International Conference on Power Electronics Systems and Applications loss, L is an electrical equivalent of mass, C is the equivalent of mechanical compliance, Ci and C0 represents static input and output capacitances, respectively. The transformation ratio of the ideal transformer in the model is represented by N and V0 is the induced voltage at the output electrodes. However it should be noted that, the model is valid only when operating frequency is around the resonance frequency. Fig.2b shows modified equivalent circuit replacing ideal transformer by dependent voltage and current source with N as the scaling factor. This circuit takes less time for simulation and makes analysis of PET based power module simple [6] . SABER simulations were carried out to check the validity of both the equivalent circuit models. In recent years, the electrode structure and layer-geometry of PETs is becoming increasingly complex. Therefore FEM study is required for accurate analysis. The lumped constants of the equivalent electrical circuit can be obtained from the finite element solution together with the modal analysis [7] .
IMPEDANCE RESPONSE CHARACTRISTICS It is always essential to study impedance characteristics and equivalent circuit as a first step towards any work on the PET based power conversion. Sample multilayer PETs (PET-A, 33x9x3.1 mm3 and PET-B, 36x10x3.4 mm3) manufactured by Xian Kong Hong Information Technology Co. Ltd., China were procured and used in the present experimental study. The impedance response of sample PETs under short-circuit conditions is studied using impedance analyzer HP4192 [8] and equivalent circuit parameters mentioned in the circuit are estimated. For a small test input signal (1V rms) and frequency swept from 10 kHz to 200 kHz with a step size of 0.5 kHz, impedance and phase values (or admittance and phase values) were noted down. All these measurements were taken at room temperature. ICPESA '06 -International Conference on Power Electronics Systems and Applications and 52 kHz, respectively. Fig.4 shows impedance response on input and output sections of sample PET-B, the fundamental resonance and anti-resonance frequencies appear to be 46 kHz and 48 kHz, respectively. It can be observed that besides major vibration mode, there are spurious vibrations present at higher frequencies. A multibranch equivalent circuit can be used to describe other vibration modes adjacent to major vibration mode. In general, the approximate equivalent circuit parameters of PET can be estimated by fitting the obtained impedance/admittance response curve to the reflected circuits in input clamped and output clamped conditions. Table I shows approximate equivalent circuit parameters of sample PET-A and PET-B, which can be used for general analysis and computer simulations on PETs around resonance. VOLTAGE GAIN AND POWER TRANSFER output current limit. A IQ resistance is used to observe current in driving side of PET and 10kQ resistor is used to measure and observe output voltage of PET sample under test. Variable load resistance, RL (150 kQ to 250 kQ, 11W) is employed in the experiment. Fig.6 shows the POA used in non-inverting mode driving the PET input. Unlike other designs which use a power-resistor in series with the output current path, this POA senses the load indirectly. This allows the current limit to be adjusted from OA to 5A (peak) with an external resistor, RCL. In the present case RCL= 10 kQ is used which sets current limit to 3A (peak). The non-inverting POA gain can be set by two external resistors, R1 and R2 as per the requirement. In present case R1=1 kQ and R2=4 kQ is used which sets the gain of POA to 5. Decoupling capacitors used are also shown in fig 6 . Linear amplifiers deliver voltages or currents that are proportional to the voltage command. However, because power losses inside the these kind of POAs can be of the same order of magnitude as the maximum deliverable power, a proper heat sink has been used to mount POA which provides necessary cooling. Various driving options for PETs using high frequency switch-mode inverters are described in [10] .
L
The important figure of merit which is of greatest interest is the voltage gain of PET. In case of Rosen-PET, the gain is simply proportional to the ratio of length to thickness, the coupling factor and the mechanical quality. Figs.7a and 7b show gain-frequency plot for PET-A and PET-B, respectively when input voltage of 1 OV rms (sinusoidal) are applied under load variation. It is evident that, the maximum voltage gain and corresponding resonant frequency of sample PETs increases with increase in the load resistance. The voltage gain increases with operating frequency, attain a peak value and then it starts decreasing. Also, it can be seen in both the plots that the peak voltage gain increases with load resistance. A pure sinusoidal output voltage is observed on the oscilloscope. Effects of load resistances and oscilloscope impedance on voltage gain of PETs are studied in [11] . Figs.8a and 8b show a plot of output power verses frequency of operation for PET-A and PET-B respectively. Output powers up to 6W and 8W were obtained for this load range and input conditions. It can be seen that the output power delivered to load resistance depends upon the frequency of operation. The broadly classified losses that affect the power transfer are the mechanical and dielectric losses. The internal loss gets converted into heat, and raises the temperature of the PET which affects the performance of the PZT material used for PET [12] . Expressions for resonance frequency, antiresonance frequency, voltage gain and efficiency were derived in terms of equivalent circuit parameters using circuit concepts. It is found that, the efficiencies in this load range were above 9500 around resonance. The sample PETs were also tested for input voltage of 12V, output powers of more than 8W for PET-A and more than lOW for PET-B were measured. Therefore PETs can be successfully used in switch-mode power conversion for low power applications.
CONCLUSION
Characteristics of PET are studied, simulated and verified experimentally under sinusoidal driving conditions. Voltage gain of PET varies with operating frequency and the performance is dependent on load-resistance. The maximum voltage-gain is obtained at series resonant frequency for that load. PET forms a band-pass structure, operating region is between resonant and anti-resonant frequency. The driving source which is developed can be employed for demonstration purposes and to carry out various experiments on PET samples.
